Abstract. We summarize recent observational and theoretical results and discuss the open challenges for astrochemistry and the promises offered by the current and upcoming instruments. Some of the main challenges are listed below. -Characterization of the structure of the interstellar medium -Coupling of the matter with magnetic fields, role of cosmic rays -Coupling of the dynamics with the evolution of matter (chemistry, ionization degree, depletion, desorption) -Characterization of dust grains (composition, size, emissivity, polarization) -Evolution of the carbonaceous matter, PAHs, aggregates and Diffuse Interstellar Bands (DIBs) carriers -Oxygen chemistry and the low abundance of molecular oxygen -Nitrogen chemistry and its seeds, the nitrogen hydrides -Sulfur chemistry and the contribution of S + to the charge balance of translucent matter -Neutral-neutral reactions involving simple radicals (CH, CH 2 , OH, etc.).
ASTROCHEMISTRY AS A FIELD OF ASTROPHYSICS
The future directions of research in astrophysics have been defined recently, both at the European (under the umbrella of the ASTRONET network 1 ) and national levels 2 . Also the US astronomical decadal survey provides the main scientific directions for the future and recommendations on the development of instruments 3 . The main scientific themes have been summarized by the ASTRONET panels in four questions: -Do we understand the extremes of the Universe ? -How do galaxies form and evolve ? -What is the origin and evolution of stars and planets ? -How do we fit in ?
The research in Astrochemistry is mostly connected to the last two questions. Astrochemistry is a central topic for the research on the evolution of the matter, as well as the formation and evolution of stars and planets. It is connected, in a broader sense, to the evolution of galaxies, as star formation is one of the main drivers of galaxy evolution. The research in astrochemistry can be divided into two
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This topic includes the evolution of the solid matter in all its forms (silicates, carbonaceous dust, volatile dust mantles), as well as the evolution of gas-phase species, and the relation between the solid and gas phases (formation and complexification of molecules, and processing by radiation and energetic particles, etc.) -Dynamics of astrophysical diffuse media :
The chemical composition of diffuse media determines their energetic budget and controls their coupling to magnetic fields through the abundance of charged species. The coupling of the chemistry and dynamics of astrophysical media, from the largest scale of the objects themselves (galaxy, molecular cloud, proto-planetary disk) down to the very small scales where turbulence dissipates, has been identified as a key issue for future research. This topic includes the understanding of shocks, photon-dominated regions, disk dynamics, etc. The numerous spectral features produced by the atoms, molecules and grains present in astrophysical objects are one of the main sources of information on these objects. In addition to determining the composition of matter (gas and/or solid), spectral lines provide information on the structure (column density, density, temperature, pressure), kinematics (through line profiles), magnetic fields (through polarization or Zeeman splitting), electron abundance, cosmic ray ionization rate .
As we will discuss in this paper, many of these diagnostics are well established, but their interpretation relies on the knowledge of both the formation process of the molecule involved and the line excitation mechanism. Both effects introduce uncertainties when one wants to derive physical or chemical parameters from the observed signals. The next step for the future is to better understand the sources of these uncertainties and reduce them in order to produce quantitative measurements that can be compared to state of the art models. This remark also applies to grains, since their composition and size distribution are also required to properly interprete the astrophysical signals.
DETECTING MOLECULES
The discovery of extraterrestrial molecules in the first half of the 20 th century was a surprise as these environments (first cometary comae, and then the interstellar medium) were perceived as very hostile for an active chemistry to operate. Further exploration of the variety of interstellar medium environments combined with the development of sensitive devices over a large fraction of the electromagnetic spectrum led to the current inventory of interstellar and circumstellar molecules (see Table 1 in the contribution by J.C. Guillemin). This inventory is far from being complete as several selection biases affect the possibility to identify and/or probe a significant fraction of molecular species. The majority of molecules have been identified with their centimeter/millimeter/submillimeter lines, that can be mostly assigned to rotational transitions. With state of the art sensitivity, these signals can only be detected for molecules with a permanent dipole moment. Molecular oxygen has no permanent electric dipole moment but its quadrupole magnetic moment is strong enough that rotational transitions are accessible to current instruments. Non polar molecules are therefore significantly more difficult to detect than polar species. In some instances, UV and visible spectroscopy of electronic transitions (e.g. H 2 or C 2 ), or IR spectroscopy of vibrational lines (e.g. C 2 H 2 ) can be done, but the number of species accessible with these techniques is much more limited than the number of species accessible with radio techniques. This technical bias therefore introduces a bias in the "discovery space" of interstellar and circumstellar molecules. The bias is less pronounced for planetary atmospheres where the exploration of the infrared spectrum by ground based or space telescopes and by orbiting probes has led to a good characterization of their composition.
The detection of negative ions of long carbon chains is a very good example of a second bias, spectral confusion. In sources with a large number of molecules, the spectra get very crowded with a large number of spectral lines overlapping with each other. This line background is sometimes referred
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Chemistry in Astrophysical Media, AstrOHP 2010 to as "weeds" that prohibit the detection of "flowers", the astronomically interesting molecules. In such sources, molecules with a relatively small number of intense lines (e.g. linear species with a large dipole moment) will be more easily identified than molecules with dense spectra, because (relatively) strong and isolated lines can be more reliably extracted from a line background than multiple weak lines. On the contrary, spectral signatures of molecules with a large number of spectral lines, as is often the case for organic species with internal rotors (e.g. (CH 3 ) 2 O), become difficult to extract from a background of many lines. Isotopologues, defined as molecules bearing an isotopic substitute of at least one of their atoms, contribute for a large fraction to this background of low intensity spectral lines. Their identification and analysis are scientifically very interesting as isotopologues bear signatures of the formation processes of their parent molecules, and in addition can provide information on the isotopic ratio of different elements and/or on chemical processes leading to isotopic fractionation. Recent tentative detections of DCOOCH 3 [12] and of the 13 C substitutes of methyl formate HCOOCH 3 [7] illustrate the difficulty of detecting complex molecules in densely populated spectra.
MOLECULES AND GRAINS AS PROBES OF ASTROPHYSICAL ENVIRONMENTS
The richness of the spectra of astronomical objects gives many tools to understand their properties. Molecular spectral lines bear information on the medium where they are formed in addition to the information on the molecule itself (identification, column density). The combination of these information is one of the main tools used by astronomers to study interstellar and circumstellar environments. This applies to spectral lines of gas phase molecules, but is also relevant to some degree for solid-phase species as the spectral shapes of solid features also provide information on the temperature and composition of the solid material.
A combined analysis of the dust continuum emission and carefully selected spectral lines is the state of the art method for probing the density and temperature structure of various kinds of astrophysical sources [14] . Indeed, under the assumption that the gas and dust are well mixed, the analysis of the millimeter and submillimeter spectral energy distribution gives access to the dust temperature and column density, that can be inverted to provide density profiles. The molecular excitation is sensitive to the gas density and temperature as well. Therefore both diagnostics complete each other well.
These analysis are lengthy and require sophisticated models that take into account the geometrical structure of the studied objects. The current challenges are therefore twofold: -on the astronomical side, the development of reliable source models that can be used on a wide basis. -on the physics and chemistry side, the determination of accurate parameters for the dust optical properties, the molecular spectroscopic properties and collisional cross sections as a function of the temperature, for different collision partners (He, p-H 2 , o-H 2 ).
Structural properties
The understanding of the structure of the interstellar medium is largely based on the statistical analysis of either (sub)millimeter images of dust continuum emission, or molecular line maps over sky areas that become increasingly larger with the improvement of detector sensitivities and the development of detector arrays. The ground state line of carbon monoxide, (CO J = 1 → 0 with a rest frequency ν = 115.27 GHz, and a wavelength = 2.6 mm), is widely used for tracing the structural properties of the velocity field [21, 26] while the sub-millimeter dust emission (or the visible/near IR dust extinction) reveals the distribution of the total column density of matter along the line of sight, with no information on the dynamics. These analyses have shown that the interstellar medium (ISM) is turbulent, and has remarkable scaling properties [43] . The characterization of the statistical properties of the ISM requires to cover a wide range of spatial scales from the smallest structures only accessible to millimeter interferometers up to the scale of molecular clouds themselves, over several decades in linear scales. The full benefit of these observations will only be obtained when the microscopic processes leading to the formation of the detected signals will be completely elucidated. Regarding dust grains, observational evidences of variations of their emissivity properties with the grain temperature have been accumulated over the years (e.g. [46] ). The detection of excess emission at centimeter to millimeter wavelengths [3] is another recent discovery that calls for a deeper understanding of interstellar grains, their composition, structural, thermal and electromagnetic properties. Both phenomena (emissivity and excess emission) show that state of the art models of interstellar dust grains such as the widely used DUSTEM code 4 [9] are not fully valid and need to be upgraded with a better physical description of the optical properties of these nanograins. For instance, new models have been developed in which the variation of the dust emissivity with the grain temperature at submillimeter wavelengths is related to quantum effects in amorphous materials [41] . Also, a significant fraction of the cm excess emission is thought to be produced by spinning very small dust grains such as PAHs [13, 28, 54] . These models provide reasonable fits to available data, but the number of studied objects is too small for their full validation, and the number of parameters to fit in the models rather large due to our still partial knowledge of the nature of interstellar dust.
Magnetic field
Submillimeter images reveal that the interstellar matter is organized in a network of filaments whose orientation is correlated with the direction of the magnetic field [21, 42, 47] . Indeed, interstellar turbulence must be understood in the framework of the magnetohydrodynamics as the magnetic field is dynamically important. The study of the magnetic field direction and intensity, and its influence on the evolution of the matter and the star formation process is becoming an active research field. Information on the magnetic field properties are deduced from the polarization of the detected radiation, using dust emission or extinction, or the Zeeman effect on gas lines. • on the right image to show the orientation of the projected magnetic field [24] .
Polarization of the dust emission or extinction results from the partial alignment of dust grains along the magnetic field. Polarization maps of star forming regions can be compared to results of numerical simulations. It is expected that, thanks to its full sky coverage and excellent sensitivity, the Planck satellite will revolutionize our understanding of the Galactic magnetic field, and its role in the condensation of insterstellar matter. The spatial resolution will be limited to ≈ 5 . On smaller spatial scales, dedicated instruments either using bolometer cameras on large single dish telescopes, or with sensitive radio interferometers (e.g. ALMA), need to be used. Recent advances in this field, prior to Planck launch, are summarized in [24] . The analysis of the maps of polarized dust continuum emission gives access to the direction of the magnetic field in the plane of the sky (the direction of polarization of the dust emission is perpendicular to the projected direction of the magnetic field). It is more difficult to extract an accurate information on the magnitude of the magnetic field however, because the mechanisms of grain alignment are still debated. The Chandrasekhar -Fermi method is using the statistics of the orientation of the magnetic field vectors, combined with the measurement of the velocity dispersion of the medium, to obtain an estimate of the magnitude of the magnetic field. It can be used to obtain the order of magnitude of the field strength but cannot be used for accurate measurements (see e.g. [29] ).
The field intensity is best measured by measuring the modification of line profiles induced by the magnetic field. The Zeeman effect can now be detected using spectral lines of HI and OH in the centimeter domain, and CN lines in the millimeter region [10] . Although the sensitivity remains marginal, the current detections and upper limits enable to follow the increase of the field intensity with the volume density. The interpretation of the polarization data, especially the Zeeman splitting experiments, requires that the line formation mechanism is well understood. This calls for a dedicated effort to elucidate the chemistry of the magnetic field tracers : HI, OH, CN. CN has the highest priority as the nitrogen chemistry is less well understood than either the carbon or oxygen chemistry, and especially the variation of the CN abundance with the gas density [27] .
Ionization fraction
In the neutral interstellar gas, the ionization fraction, defined as the fractional abundance of charged species (either the negative charges that are mostly electrons, or the positively charge species that can be atomic or molecular ions) is thought to vary from ∼10 −4 in the diffuse regions bathed by the FUV radiation field down to less than ∼10 −8 in dense and well shielded cores. As the ionization fraction determines the ability of the matter to stay coupled with the magnetic field, it is very important to understand how it is regulated, and to be able to measure it in a broad range of environments to test those theoretical predictions. Measurements of the ionization fraction are always indirect and rely on chemical processes and reactions which efficiency depends on the ionization fraction. For instance, 06002-p.5
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b) c) Figure 3 . Variation of the ionization fraction as a function of depth into the molecular gas associated to the Horsehead nebula [20] , for three cases. . The deuterium fractionation is limited by both dissociative recombination reactions with electrons and by reactions of the deuterated ions with neutral species. This chemical pattern involves a limited number of reactions, and leads to an inverse relationship between the deuterium fractionation of molecular ions and the electron fraction [8, 23] .
The diagnostic accuracy is limited by both the unknowns on the formation and destruction rates of molecular ions, and by the presence of other destruction paths than dissociative recombination, that limit the sensitivity of molecular abundances to the ionization fraction. Indeed, molecular ions can also be destroyed by reactions with abundant neutral species such as CO. Furthermore, in the densest and coldest regions of dense cores, neutral species freeze onto grains forming their mantles. Hence the destruction rate of molecular ions by neutrals becomes lower and their abundance can be enhanced without any change in the electron fraction ( [8] ).
In UV-dominated regions, deuterium fractionation processes become less efficient because of the increased gas temperature, and because molecule destruction is dominated by FUV radiation. Other diagnostics must be found. Reactive ions like CO + or HOC + are good diagnostics of high electron abundances since these ions are destroyed by reactions with neutrals more rapidly than HCO + . They are therefore detected only in regions where ions are formed at a high rate. The abundance ratios HOC + /HCO + and CO + /HCO + steeply increase with increasing ionization fraction [20] . The use of chemical diagnostics however requires that the chemical processes be well understood in order to accurately calibrate such tools. This goal is far from being achieved : in dense cores, the dependence of reaction rates on temperature can lead to significant uncertainties. The largest source of error is however the role of grains, both as sinks for abundant atoms and molecules and as carriers of negative charges. As explained above, the depletion factors of abundant elements on grains significantly affect the chemistry, even when the ionization rate remains constant. PAHs and PAH aggregates are known to have a high electron affinity. Models have shown that, if they are present in dense cores, they may become the main carriers of negative charges rather than electrons. This has
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Chemistry in Astrophysical Media, AstrOHP 2010 important consequences for the chemistry as negative PAHs interact differently than electrons with positive molecular ions [16] . Our understanding is not better for UV-illuminated regions : while the detection of reactive ions like CO + , HOC + is a clear sign of enhanced electron fraction, the formation of these species is not fully understood. Therefore their diagnostic power remains limited. Finally, because the ionization potential of sulfur is lower than that of carbon, ionized sulfur can be a major positive ion in moderately shielded regions, if sulfur does not deplete onto grains. This will affect the gradient in ionization fraction as a function of extinction. The sulfur chemistry remains a major issue in astrochemistry, because neither the gas phase, nor the solid phase budget of sulfur is fully elucidated. Therefore the depletion of sulfur from the gas phase remains largely unconstrained.
Ionization rate and Cosmic rays
Cosmic rays are thought to be the main source of ionization in molecular cores. They also contribute in initiating the chemistry in dense and diffuse regions by forming ionized H and H 2 that can react with other species and build molecules through series of ion-molecule reactions. The interaction of cosmic rays (protons and electrons) with interstellar matter is highest for the lower energy particles, and can produce gamma rays [45] . Advances in high-energy instruments have been spectacular in the last decade with the development of the Fermi NASA space experiment, and the construction and operation of the HESS telescope in Namibia which is sensitive to very high energy gamma rays. Excellent promises lie ahead of us, with the upgrade of HESS to HESS2 and the design studies of the Cerenkov Telescope Array (CTA 5 ). It is possible to obtain constraints on the cosmic ray ionization rate by observing specific molecules that are chemically related to the products of cosmic ray ionization of atomic or molecular hydrogen. in diffuse matter. Yet such a high rate is not compatible with the high deuterium fraction found in dense cores, where the currently adopted rate is ∼ 2 × 10 −17 s −1 [8, 33] . The natural conclusion is the existence of spatial variations of the cosmic ray density. Padovani et al. [45] present models of the propagation of cosmic rays in molecular gas. It is obvious that the constraints on the cosmic ray energy spectrum and propagation put by molecular line observations are not tight enough to select the best model and that more accurate molecular line observations and interpretation should help in understanding the cosmic ray origin and propagation.
Probing chemical processes, isomers
Modeling of the formation of interstellar molecules involves extensive chemical networks, in which a large fraction of reactions have poorly known rates or branching ratios. The applicability of reaction kinetics to very diluted systems such as the ISM is another important issue. As explained in J. Le Bourlot's contribution, most models compute either steady state or time dependent chemistry within a given (simplified) geometrical structure. Given the complexity of these networks, it is important to be able to probe specific processes, rather than addressing the full problem at once. One of the methods used by astronomers to provide constraints on the chemical paths is the measurements of abundance ratios of isotopologues such as DCO + and HCO + . The underlying reasoning is based on the hypothesis that the isotopologues are formed by very similar networks, and that the abundance ratios is governed by a limited number of fractionation reactions. This hypothesis is not perfectly valid because isotopic substitution can lead to different reaction pathways in exceptional case, but is to first order largely correct. The study of isotopologues involving isotopic substitutions of one of their heavy atoms (C, N, O) can bring interesting constraints on the formation pathways of molecules. For instance, the detection of an excess in one of the 13 C derivatives of the ethynyl radical CCH , C 13 CH/ 13 CCH ∼ 1.6 (Sakai et al. 2010) shows that a reaction where the two carbon atoms do not play equivalent role must play a significant role in the formation of interstellar CCH. The authors suggest that the reaction C + CH 2 → CCH + H is an important pathway for building CCH. With the increased sensitivity of millimeter telescopes, such studies will certainly become more numerous in the future. Furthermore, the detection of several isomeric forms of molecules sharing the same raw chemical formula becomes now possible. The comparison of abundances of those isomers provides strong constraints on the chemical networks, as discussed by Marcelino et al. [40] for the case of HNCO and its isomers HOCN and HCON.
OPEN PROBLEMS
The strong couplings between the microscopical processes and the interstellar medium dynamics and thermal properties are one of the main difficulties in the understanding of its evolution. This includes the formation of stars and planets, as well as, at larger scales the evolution of galaxies because star formation is among the main driving forces of galaxy evolution. The work can be focused on open burning questions, that are all related to the topic of coupling the chemistry with the gas dynamics. -Seeing the "dark" gas :
Classical tracers of the neutral interstellar gas include the hyperfine transition of atomic hydrogen at 21 cm, and the carbon monoxide (CO) rotational lines for molecular gas. The dust emission and absorption (extinction) is also used under the hypothesis that the gas and dust are well mixed. However, there is increasing evidence that CO is not a fully reliable tracer of molecular gas and that "dark" gas is present on the outskirts of CO clouds, "dark" being defined as molecular gas not radiating in CO [22] . Indeed, detailed comparisons of tracers of the total gas column through either
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Chemistry in Astrophysical Media, AstrOHP 2010 the dust emission/absorption or the -ray maps, have revealed that the matter traced by HI and/or CO could not account for the totality of the detected signals, and therefore require the presence of molecular gas not traced by CO. It is known from direct observations of H 2 at far ultraviolet wavelengths that the onset of CO formation is not coincident with the onset of H 2 formation. This behavior is well reproduced by chemical models [36, 53] . The detection of the "dark gas" is another confirmation of the difference between molecular gas and CO dominated gas. The FUV data are sparse and limited to relatively local sources. Herschel offers an alternative tracer of this matter, namely the fine structure transition of C + at 1.9 THz (158 m). Because C + is the main carbon reservoir in such regions, it can be used as a complementary tracer of molecular gas. In the framework of the GOTC+ key program, the Herschel satellite is currently providing excellent C + data, fully revealing the presence and dynamics of this new interstellar gas component [35] .
-Formation of molecules in diffuse matter:
The diffuse ISM is highly turbulent and bathed by FUV radiation. It is therefore remarkable that molecules can be formed in such an hostile environment and survive with detectable abundances. While the framework of steady state chemistry accounts rather well for the formation of molecules, it does not provide a fully consistent picture. The intensity of the ground state rotational line of CO presents large fluctuations in low extinction gas, that are unrelated to the variation of the total column density of matter but rather trace the regions where the formation of CO is enhanced. The behavior of CO illustrates the need for coupling the gas chemistry with its dynamics [15, 38] . + originate from regions where the fraction of molecular hydrogen is very small (less than 10%). Together with CH, HF is scaling linearly with the column density of molecular hydrogen. Both molecules can therefore be used as tracer of molecular gas, more reliably than CO. With its large dipole moment, HF is more sensitive than CH, reaching an opacity of order unity for an H 2 column density as low as 10 20 cm −2 and a velocity dispersion of 1 km s −1 . The Herschel CH + observations confirmed the trends obtained from visible spectroscopy, namely the ubiquity of this reactive ion in the diffuse ISM. New mysteries have arisen, for instance the very similar abundances of the N-hydrides NH, NH 2 and NH 3 , or the tight correlation of CH, CCH and c-C 3 H 2 . Models aiming at predicting the observed distribution and abundances of hydrides self consistently must therefore become more realistic. Models including the specific chemistry taking place in the dissipative regions of interstellar turbulence lead to better predictions for many molecules, most notably CH + , than standard PDR models [19] . Indeed, although such regions occupy a very small fraction of the total volume, they host specific conditions for a short time, when new chemical pathways for the molecule formation are opened. Despite their low filling factors, they can therefore dominate the formation of some species, and have a significant impact on the abundances of a large fraction of the molecules detected in the diffuse ISM.
-Molecular oxygen:
The oxygen budget in the interstellar medium is discussed in [32, 52] . When accounting for the main reservoirs in the solid phase (silicates, water ice, CO, CO 2 and CH 3 OH ice) and in the gas (CO, atomic oxygen, H 2 O), a missing oxygen reservoir remains. This cannot be molecular oxygen since the very deep observations performed by SWAS, ODIN and now Herschel lead to upper limits of the 6 Volumes 518 and 521.
06002-p.9
EPJ Web of Conferences molecular oxygen abundance of ≈10 −7 or even lower. This low abundance can be explained if oxygen gets quickly depleted from the gas phase to build the ice mantles as in the models presented by [25] . However, these models still predict that molecular oxygen should exist in an intermediate layer where the extinction is large enough to shield this molecule from FUV radiation and the density not too high so that the depletion on dust grains is not efficient. Deeper observations performed with Herschel will be able to probe these models. If molecular oxygen remains undetected, new explanations will be needed. Once again, coupling of the gas dynamics with its chemistry may lead to important changes of the abundances of oxygen bearing molecules if the gas dynamics triggers the mixing of illuminated material rich in C and C + with shielded gas rich in CO and O 2 . Numerical models simulating the formation of molecular clouds can now be computed with limited chemical networks [18] . Although the method is still limited by computing power, it may be very interesting to test how the heterogenous structure of interstellar clouds affects the oxygen chemistry using such codes.
-Growth of molecular complexity:
The formation of "complex", mostly organic, molecules is a key question for understanding the interplay between the gas and solid phases in the dense interstellar matter. In this astrophysical context, "complex" means organic molecules with three or more heavy atoms, having a chemical function (e.g. alcohol or ketone) such as ethyl alcohol CH 3 CH 2 OH, or amino-acetonitrile NH 2 CHCN [1] . As explained above, the identification of such molecules in spectra of astrophysical objects is hindered by spectral confusion. Although many relatively complex molecules have been detected, the inventory is probably not complete because the detection limit in terms of relative abundance depends on the characteristics of the emitted spectra. As sources where the complex organic molecules are detected are very compact, radio interferometers achieve lower spectral confusion than single dish telescopes because: i) the extended emission from abundant species is filtered out by the long interferometric base-lines, and ii) different sources with specific chemistries are spatially separated [4, 23] . ALMA is expected to give access to unprecedented spatial resolution (0.01") and a sensitivity ten times better than currently possible. The combination of both effects is expected to lead to lower confusion and identification of a larger number of new molecules. The far-infrared spectral range is a second promising spectral window for detecting new species, by accessing low lying torsional or vibrational modes (near 100 cm −1 ). These modes are particularly interesting for species not easily detected in the millimeter or submillimeter domains.
-Carriers of the Diffuse Interstellar Bands:
The diffuse interstellar bands (DIBs) are unidentified spectral features, detected in the visible spectra of bright stars, that are broader than interstellar atomic or molecular lines, but too narrow to be stellar lines. It is widely believed that their carriers are made of carbon, either as molecules or larger systems such as PAHs aggregates or fullerenes because these systems can resist the interstellar radiation field. The search of individual species is difficult because the neutral form is usually not the most stable one in interstellar conditions, and ionized or deshydrogenated species can be preferred. Thanks to the improvement in the accuracy and sensitivity of spectrometers, very weak lines can now be detected. The tentative identification of the HC 4 H + cation has been recently reported [34] . Iglesias-Groth et al. [30] also report tentative detections of two small PAH cations towards a specific line of sight with anomalous excess centimeter emission. Finally, the analysis of Spitzer IRS spectra has led to the identification of IR emission bands of fullerenes (C 60 and C 70 ) in reflection nebulae [50] and a proto-planetary nebula [6] . These recent progresses show that the probability of having confirmed identification of some DIBs is getting higher, after decades of intense research. Dedicated spectroscopic work is needed for confirming the tentative identifications, that now reaches the required sensitivity [39] .
-Evolution of the carbonaceous solid matter:
In the ISM, the largest carbon reservoir is the solid carbonaceous matter that accounts for approximatively two-third of the elemental carbon abundance (C/H = 3 × 10 −4 ), while gas phase carbon in all its forms (C + , C, CO, etc.) accounts for one third. Therefore, the study of the evolution of the next generation of models: the understanding of the microscopic processes and their numerical implementation in models, the description of the environment of astrophysical objects and their evolution, including all relevant couplings (magnetic fields, radiations, cosmic rays, etc.), the calculation of the emerging signals that can be detected by telescopes over the electromagnetic spectrum (radiative transfer), and finally the modeling of the observation process and the comparison of models with observations.
